Burning of fossil fuels in the transportation sector accounts for 28% of US greenhouse gas (GHG) emissions. Substitution of cellulosic biofuel in place of conventional gasoline or diesel could reduce GHG emissions from transportation; however, the effectiveness of cellulosic biofuel in reducing emissions depends on emissions during the growth of biofuel crops. The objectives of this study were (i) to measure N 2 O emissions of potential cellulosic biofuel cropping systems, and (ii) to characterize the temporal variations in N 2 O emissions in these cropping sys- In 2013, 30-50% of the N 2 O emissions were emitted after September which was attributed to freeze-thaw cycles.
T he transportation sector contributes 28% of total GHG emissions in the United States (USEPA, 2014) . A number of strategies are proposed to reduce GHG emissions in this sector, including the partial substitution of biofuels for fossil fuels. To encourage the implementation of biofuels in the United States, Congress passed the Energy Independence and Security Act (EISA) in 2007 which included a mandate for the production of 60 billion liters per year (16 billion gallons) of cellulosic ethanol by 2022 (US Congress, 2007) .
Potential feedstocks for cellulosic ethanol include agricultural residues such as corn or wheat (Triticum aestivum L.) stover as well as dedicated energy crops. Dedicated energy crops could include annual crops such as photoperiod-sensitive sorghum and perennial grasses such as switchgrass and miscanthus (USDOE, 2011) . Photoperiod-sensitive sorghum does not produce grain at most latitudes in the United States, providing high lignocellulosic yield potentials compared to most grain and forage sorghum varieties (Propheter et al., 2010) . Photoperiod-sensitive sorghum commonly yields 20 to 30 Mg ha -1 in the Midwest and Great Plains with yields reported as great as 35 Mg ha -1 (Propheter et al., 2010; Maughan et al., 2012; Roozeboom et al., 2018) . Perennial grass yields also can be high. Previous studies in the United States report average switchgrass yields from 9 to 13 Mg ha -1 and miscanthus yields reaching up to 30 to 60 Mg ha -1 (Heaton et al., 2008; Wullschleger et al., 2010) . In the central Great Plains, 10-yr average yields of switchgrass and miscanthus were 11 and 14 Mg ha -1 , respectively (Roozeboom et al., 2018) . The high productivity of dedicated energy crops could make them an important feedstock for biofuel production.
Even though biofuels are a promising alternative fuel source, substantial quantities of GHGs are emitted throughout the biofuel production cycle. To ensure that these emissions do not offset the mitigative capacity of biofuel production as mandated in the EISA, the act stipulates that cellulosic biofuels must have GHG emissions 60% less than those of conventional fossil fuels (US Congress, 2007) . This mandate highlights the need to accurately estimate GHG emissions associated with the production and use of biofuels to ensure that they are actually reducing GHG emissions relative to conventional fossil fuels.
Nitrous Oxide Emissions from Annual and Perennial Biofuel Cropping Systems
Nitrous oxide emitted from soils during biofuel crop production can be a large source of GHG emissions in the life-cycle of biofuels. Nitrous oxide has a 100-yr global warming potential 298 times that of CO 2 (Myhre et al., 2013) . Because of the global warming potential of N 2 O, small quantities released during feedstock production can have a large impact on the GHG balance of ethanol. In a life cycle assessment (LCA) of ethanol produced from corn stover, miscanthus and switchgrass, Wang et al. (2012) found that N 2 O emissions from soils account for 0, 14, and 32% of GHG emissions in cellulosic ethanol, respectively. Despite the potentially large contribution of N 2 O to the GHG balance of cellulosic ethanol, there is much uncertainty regarding the quantities emitted during the production of these crops (Wang et al., 2012) .
For many first-generation biofuel feedstocks, such as corn and soybean, there is a large body of data from field measurements of N 2 O emissions that can be used as a basis of comparison in modeling approaches in LCA; in contrast, there are few field studies measuring N 2 O from soils for second generation biofuel feedstock production (Don et al., 2012) . The few studies that report N 2 O emissions in second generation biofuel crops like miscanthus (Smith et al., 2013; Davis et al., 2015; Oates et al., 2016) , switchgrass (Schmer et al., 2012; Smith et al., 2013; Johnson and Barbour, 2016; Oates et al., 2016; Ruan et al., 2016; McGowan et al., 2018) , and photoperiod-sensitive sorghum (Storlien et al., 2014) in the Midwest United States often find emissions to vary between locations and years. This makes it difficult to predict N 2 O emissions from these crops and to know the accuracy of various N 2 O models for predicting N 2 O emissions in LCAs.
More field studies measuring N 2 O emissions from cellulosic biofuel crops are needed to understand biofuels potential to mitigate GHG emissions in the transportation sector. The objectives of this study were (i) to measure N 2 O emissions and yields of potential annual and perennial cellulosic biofuel cropping systems and (ii) to characterize the temporal variations in N 2 O emissions in these cropping systems.
mAterIAls And methods

study site
This experiment was conducted from 2011 to 2013 in a semiarid environment located in the central Great Plains of North America. Plots were located at the Kansas State University Agronomy Research Farm in Manhattan, Kansas (39°11´ N, 96°35´ W). The soil series at the study site were Ivan, Kennebec, and Kahola silt loams (fine-silty, mixed, superactive, mesic Cumulic Hapludolls) (200 g kg -1 clay, 700 g kg -1 silt, and 100 g kg -1 sand). When the plots were established in 2007, soils at the study site had an average soil organic C concentration of 14.5 g kg -1 and a pH of 6.6 (Propheter et al., 2010) . Treatments were a corn-soybean rotation, photoperiod-sensitive sorghum (hereafter referred to as 'sorghum')-soybean rotation, switchgrass, and miscanthus. The study was arranged as a randomized complete block design with four replications.
In spring 2007, corn, sorghum, switchgrass, and miscanthus were planted at the study site. Soybean was planted as part of the corn-soybean and sorghum-soybean rotations. All crops were under no-tillage management. Additional details on crop establishment can be found in Propheter et al. (2010) . Cultivars used included Sorghum Partners (Lubbock, TX) '1990CA' photoperiod-sensitive sorghum, KSU Foundation (Manhattan, KS) 'KS3406RR' soybean and Dekalb (Monsanto, Co., St. Louis, MO) 'DKC63-49' corn, and 'Kanlow' switchgrass. The experimental site included continuous corn and a corn-soybean rotation; however, the present study only included corn in the corn-soybean rotation. Miscanthus was obtained in 2007 as Miscanthus × giganteus, but is likely tetraploid Miscanthus sacchariflorus based on genetic analysis of source material by Głowacka et al. (2015) and on in-house preliminary genetic analysis and observations of rhizome structure and growth habit of plants in this study agreeing with descriptions of M. sacchariflorus.
Corn was planted on 2 May, 11 May, and 30 April in 2011, 2012, and 2013, respectively. Sorghum was planted on 6 June 2011 and 2012 and 24 May 2013. Soybean was planted on 6 June 2011 and 2012 and 26 May 2013. Corn grain and stover were harvested after the crop had reached physiological maturity: 6 Sept. , 13 Oct. 2012 , and 30 Sept. 2013 . Sorghum was harvested when growth had essentially ceased due to cooling temperatures: 21, 13, 16 Oct. in 2011 21, 13, 16 Oct. in , 2012 21, 13, 16 Oct. in , and 2013 Soybean biomass was harvested after flowering (28 July 2012 and 21 Aug. 2013). Soybean grain was harvested on 13 and 8 Oct. in 2012 and 2013, respectively. Soybean was not harvested in 2011 due to unavailability of equipment. Switchgrass and miscanthus were harvested after complete senescence on 6 and 8 Nov. in 2011 and 2013, respectively. To simulate crop harvest for bioenergy production, all aboveground plant biomass was removed each year from corn and sorghum plots using a self-propelled forage chopper and from miscanthus, and switchgrass plots using a modified flail mower. Yield data and detailed management were reported in Roozeboom et al. (2018) .
On 12 May 2011, 78 kg N ha -1 was applied as urea to corn, sorghum, miscanthus, and switchgrass. On 1 June 2011, 50 kg P ha -1 and 45 kg N ha -1 were applied as diammonium phosphate (DAP) to all crops. On the evening of 1 June, heavy rains (86 mm) caused minor flooding. Based on soil tests much of the DAP-N entered the soil, but the P had runoff. A second DAP application was made at the same rate on 15 June. On 11 May 2012, 168, and 112 kg N ha -1 were applied as urea to corn and sorghum, respectively. On 3 June 2013, 20 kg P ha -1 and 10 kg N ha -1 were applied to all crops as monoammonium phosphate (MAP). On 6 and 7 June 2013, 158 and 102 kg N ha -1 were applied as urea to corn and sorghum, respectively, and 74 kg N ha -1 was applied as urea to miscanthus and switchgrass.
In spring 2012, an application of glyphosate [N-(phosphonomethyl) glycine] was mistakenly sprayed on the switchgrass and miscanthus treatments. The grasses were promptly mowed to prevent glyphosate uptake into the plant roots and rhizomes. Within days of mowing, the grass reemerged and stand density appeared unaffected by the glyphosate application; however, information on miscanthus and switchgrass was omitted from the study in 2012.
nitrous oxide measurements
Fluxes of N 2 O were measured from April 2011 until March 2014 using static, vented, polyvinyl chloride (PVC) chambers (7.5 cm high × 20 cm diameter), as described in Hutchinson and Mosier (1981) . The PVC anchors (20 cm high × 20 cm diameter) were placed randomly within the perennial grasses and 3 cm from rows in corn and sorghum, such that the chamber did not interfere with plant growth but covered soil in both the row and interrow. Anchors were driven approximately 15 cm into the soil. Samples were collected 1 to 2 times wk -1 during the growing season and once every 2 to 4 wk for the rest of the year. During the winter months, on sampling dates where the soil was frozen, it was assumed there was no N 2 O flux. On measurement days, chambers were installed on anchors and 30-mL gas samples removed from each chamber after 0, 15, and 30 min and injected into pre-evacuated 12-mL Labco Exetainers (Labco Limited, Wales, UK) with Labco gray butyl rubber septa. Following the recommendation of Parkin and Venterea (2010) , gas samples were collected mid-morning (9:00-11:00 A.M.) so that fluxes would be estimated during a time corresponding closely to the daily average temperature. Analysis of May thru September hourly temperature data from a nearby weather station in 2011-2013 indicated that the hourly intervals corresponding most closely to the daily average temperature were 9:00-10:00 A.M. and 8:00-9:00 P.M. During the target sampling period of 9:00-11:00 A.M., average deviation from the daily average temperature was -0.2°C at 9:00 A.M. to 2.5°C at 11:00 A.M. Gas samples were transported back to the laboratory and N 2 O concentrations were determined by gas chromatography (GC) using a Shimadzu Model 14A GC (Shimadzu Corporation, Japan) equipped with a 63 Ni electron capture detector and a stainless steel column (0.318 cm diameter × 74.5 cm long) with Poropak Q (80-100 mesh). The GC was calibrated daily using analytical-grade standards containing 0.2, 3.5, and 15.3 µL L -1 N 2 O. The GC's minimum detection limit corresponded to a flux rate of 10 µg m -2 h -1 (2.4 g ha -1 d -1 ), which was calculated following the methodology of Parkin et al. (2012) by multiplying the coefficient of variation from 24 air samples by the appropriate slope factor reported in Table 3 of Parkin et al. (2012) . The concentration of N 2 O in each sample was converted to µg N 2 O-N m -2 using Eq. [1]:
where X is µg N 2 O-N m -2 , C was the volumetric concentration of N 2 O (ΜL N 2 O L -1 ), P was the atmospheric pressure at 305 m (0.965 atm), V was chamber volume (L), M was the mass of N in N 2 O (28 µg N µmol -1 N 2 O), A was the chamber surface area (m 2 ), R was the Universal Gas Constant (0.08206 atm ΜL µmol -1 K -1 ), and T was air temperature (K) during sampling. Fluxes of N 2 O were calculated from linear regression of the converted N 2 O values over time. Total annual flux was estimated using linear interpolation between sampling points and calculation of the area under the curve using Eq.
[2]:
where F i and F i+1 were the N 2 O-N fluxes (g ha -1 d -1 ) at sampling points i and i+1; t i and t i+1 were the sampling dates (Julian date) at sampling points i and i+1; and n was the number of sampling points taken in a given year. Biomass-scaled fluxes were calculated by dividing the total annual flux by the dry biomass yield of each crop.
Ancillary measurements
On each gas sampling date, volumetric soil water content and soil temperature were measured. Volumetric soil water content was measured at 0-5 cm soil depth using Stevens Hydra Probe II soil sensor (Stevens Water Monitoring Systems, Inc., Portland, OR). Soil water content was converted to percent water-filled pore space using soil bulk density value from each plot. Mean bulk density was 1.1g cm -3 . Soil temperature was measured at a soil depth of 5 cm. Soil samples were taken at 0-5 and 5-15 cm soil depths six to eight times during the growing season for determination of NO 3 − -N and NH 4 + -N. Soil NO 3 − -N and NH 4 + -N were determined using a continuous flow analyzer (Alpkem Corp., Bulletins A303-S021 and A303-S170, Clackamas, OR) after extraction with 1 M KCl (soil/solution ratio 1:5). Daily precipitation, air temperature, and 5-cm soil temperature were collected at a meteorological station less than 1 km from the study site (Kansas State Univ., 2014). The number of days of freezing soil conditions was estimated using weather station soil temperature data. Days in which the 5-cm maximum daily soil temperature did not exceed 0°C were assumed to have frozen soil. On several days with freezing conditions, soil temperatures were measured at the experimental site and found to correspond well to soil temperature from the weather station.
statistical Analysis
Differences in total annual N 2 O emissions and biomassscaled N 2 O emissions were evaluated by ANOVA using PROC GLIMMIX (SAS 9.3; SAS Institute Inc., Cary, NC). The ANOVA for these variables was conducted for each year, with crop type as a fixed effect and block as a random effect. Soil nitrate, ammonium, and daily N 2 O emissions were analyzed by year using crop, sampling date, and crop × sampling date as fixed effects and block as a random effect. Sampling date was modeled as a repeated variable using the first-order ante-dependence structure (nitrate and ammonium) or the exponential temporal structure (daily N 2 O) when significant covariance was detected between sampling dates. All data were checked for normality and homogeneity of variance. When the assumption of homogeneous variance was not met, model residual variance was allowed to vary using the 'GROUP' option in the 'RANDOM' statement of GLIMMIX. Non-normal data were logarithmically transformed and means converted back to their original scale as medians for presentation. Mean separation was performed using Fisher's LSD. All statistical comparisons were made at the α = 0.05 probability level.
results
Growing season precipitation (April-October) in 2011, 2012, and 2013 was 520, 338, and 550 mm, respectively. All 3 yr were relatively dry compared with the 30-yr average rainfall (727 mm).
soil Inorganic nitrogen
There was a significant interaction of crop and sampling date for soil NO 3 − for all 3 yr at the 0-5 and 5-15 cm depths. The crop by sampling date interaction was significant for soil NH 4 + during all 3 yr at the 0-5 cm depth, but only in 2011 at the 5-15 cm depth. In 2012 and 2013 there was no significant effect of crop type on NH 4 + . Only the sampling date had a significant effect in 2012 and 2013.
Soil NO 3 − at 0-5 cm increased rapidly after fertilizer application, with the greatest concentrations typically occurring between June and July (Fig. 1 ). Corn and sorghum had more soil NO 3 − than the other crops, though the difference was not always significant for sorghum. Soil NO 3 − gradually decreased toward background levels as the growing season progressed. In 2011 and 2013, soil NO 3 − in miscanthus minimally increased after fertilizer application and remained low throughout the growing season. In 2012, a slight but significant increase in soil NO 3 − occurred in corn between August and September before dropping to background levels. Soil NO 3 − concentrations at the 5-15 cm depth were of much lower magnitude but followed similar trends to the 0-5 cm depth (data not shown).
Soil NH 4 + at 0-5 cm was similar to soil NO 3 − in that the concentration was greatest in the weeks following fertilizer application and then decreased quickly to background levels by July (2012 July ( , 2013 or August (2011). Soil NH 4 + after fertilizer application tended to be greatest in corn and sorghum, but differences from the other crops were often not significant. Soil NH 4 + at 5-15 cm showed few consistent trends over the growing season for all 3 yr and concentrations were generally <5 µg NH 4 + N g -1 (data not shown).
seasonal emissions
The daily N 2 O emissions varied greatly over the study period, with the greatest fluxes typically occurring in early summer following N fertilizer application and rainfall events (Fig. 2) . The largest N 2 O fluxes occurred in late May and early June of 2011 when approximately 180 mm of precipitation fell within a 2-wk period, resulting in minor flooding and extremely wet soil conditions. Corn, sorghum, switchgrass, and miscanthus all had large emissions during this period, which contributed 60-80% of the total N 2 O emissions that occurred in 2011. In 2012, the largest fluxes were in corn and sorghum on 16 and 22 June, following rainfall events of 36 and 42 mm, respectively. In 2013, large emissions occurred on 31 May in both soybean rotations and in sorghum after 27 mm of rainfall but before fertilizer application. Large fluxes occurred in all crops in late June after two rainfall events totaling 27 mm each.
Few N 2 O fluxes were observed after September in both 2011 and 2012. In both years, the late autumn and winter months were characterized by relatively cool, dry conditions in which percent water-filled pore space (WFPS) rarely rose above 50%. A range of 78-88% of the total annual N 2 O emissions occurred in all crops by September 2011 and 86-90% by September 2012 in soybean and corn (Fig. 3) . A notable exception in 2012 was sorghum, which had two events in February and March 2013 that contributed approximately 40% to the total annual emissions that year. By September 2013, 87% of total annual emissions had occurred in sorghum, but only 48-68% had occurred in the soybean, corn, miscanthus, and switchgrass. There were large precipitation events in autumn of 2013, followed by N 2 O fluxes that contributed to the total emissions for soybean and switchgrass. Small fluxes occurred in early 2014 in soybean, miscanthus, and switchgrass that may have been due in part to prolonged periods of moist soil following soil thawing.
median daily n 2 o, total Annual n 2 o, and biomass-scaled n 2 o
There was a significant effect of crop, sampling date, and crop × sampling date on median daily N 2 O emissions in all 3 yr (Table 1) . For brevity, only the crop effect of crop on median daily N 2 O will be discussed. In 2011, median daily emissions were significantly greater in sorghum than in all other crops. There were no significant differences between median daily emissions in corn and soybean in rotation with sorghum. Miscanthus, switchgrass, and soybean in rotation with corn had the lowest median daily emissions 2011, which were significantly lower than those in sorghum and corn, but not significantly different from soybean in rotation with sorghum. In 2012, the greatest median daily N 2 O emissions occurred in sorghum and corn, which were significantly greater emissions than soybean in 2012. In 2013 median daily N 2 O emissions from soybean in rotation corn were significantly greater than all crops except soybean in rotation with sorghum. Median daily emissions from miscanthus were significantly less than those of all other crops. There were no significant differences among median daily emissions of corn, sorghum, switchgrass, and soybean in rotation with sorghum in 2013.
There was a significant effect of crop on total annual N 2 O emissions in all 3 yr (Table 2 ). In 2011, the annual N 2 O emissions from sorghum were significantly greater than those in miscanthus and both soybean rotations, but not significantly different from corn and switchgrass. There were no other significant differences among crops in 2011. In 2012, the annual N 2 O emissions of sorghum and corn were significantly greater than soybean rotations. In 2013, annual emissions from soybean in rotation with corn were significantly greater than emissions from corn, sorghum and miscanthus, but not significantly different from soybean in rotation with sorghum or switchgrass. Annual emissions from corn were also significantly less than those in soybean in rotation with sorghum, but were not significantly different from emissions in sorghum, switchgrass or miscanthus. Annual emissions from miscanthus in 2013 were significantly less than all crops except sorghum and corn.
In both 2012 and 2013, there was a significant effect of crop on biomass-scaled N 2 O emissions. In 2012, biomass-scaled emissions were significantly greater than those in soybean in rotation with sorghum. No other significant differences were observed among crops in 2012. In 2013, both soybean rotations had biomass-scaled N 2 O emissions significantly greater than all other crops. The 2013 biomass-scaled emissions of switchgrass were greater than emissions in corn, sorghum, and miscanthus, but were not significantly different from corn and sorghum. (corn) is soybean in rotation with corn and soybean (sorghum) is soybean in rotation with sorghum. Labels "urea" and "DAP" indicated date urea and the 2 applications of diammonium phosphate were applied. "corn" indicates the date that corn was planted and "sorghum" indicates the planting date of photoperiod sorghum and soybean. Rainfall data recorded at a meteorological station approximately 500 m from the study site.
dIscussIon
Large N 2 O fluxes occurred at the beginning of each growing season when soil NO 3 − was increased from recent fertilizer application and large rainfall events. In 2011, 60-80% of total N 2 O emissions occurred during the first 10 wk of the growing season. In 2012, 40-55% of total N 2 O emissions had been emitted during the first 10 wk. In 2013, 40-50% of total N 2 O emissions had been emitted by Week 10 in all crops except sorghum which had over 70%. These findings emphasize the importance of implementing N management strategies to reduce N availability early in the growing season when the potential exists for large losses.
In late fall and early spring of 2012 and 2013, there were several small fluxes that contributed to the total annual emissions. There may be several factors contributing to the late-and post-growing season fluxes. In 2013, several small N 2 O fluxes occurred in October to November which did not occur in 2011 or 2012, likely due to large precipitation events that resulted in several days where WFPS was above 60%. The late-and postgrowing season fluxes in 2013 could be related to freeze-thaw events. Winter temperatures in 2013-2014 were substantially lower than in 2011-2012 and 2012-2013 resulting in 40 more days of frozen soil. Freeze-thaw events often result in large emissions of N 2 O (Risk et al., 2013) . Large fluxes after thawing events were thought to be due to the release of accumulated N 2 O under the impermeable layer of frozen soil. This mechanism is unlikely to play a significant role in eastern Kansas as soils are rarely frozen continuously for an extended period of time (>2 wk). In a review of freeze-thaw impacts on N 2 O emissions Risk et al. (2013) presented evidence for the production of N 2 O at the onset of a thawing event. Increased C and N substrate availability from microbe turnover and aggregate disintegration during soil freezing, as well as increased microbial activity at the onset of thawing were proposed as possible mechanisms driving these emissions. It seems possible that the small N 2 O emissions measured in January and February 2014 may have been produced by this mechanism since they occurred after recent thaws when soil conditions were moist (55-65% WFPS). It is more difficult to explain the reason behind the post-growing season fluxes that occurred in sorghum in 2012-2013. These fluxes did not occur after thawing events. Soil conditions in sorghum were very wet (~60% WFPS), but were similar to the other crops.
Annual N 2 O emissions can vary greatly among sites due to different N rates applied, soil types, and climate as well as within sites between years due to varying precipitation patterns and management. Smith et al. (2013) observed fluxes ranging 0.6-1.4 kg N 2 O-N ha -1 in unfertilized miscanthus in Illinois. These fluxes are lower than this study observed in 2011 (2.87 kg N 2 O-N ha -1 ) when fertilized with 167 kg N ha -1 but similar Davis et al. (2015) and Oates et al. (2016) .
Cumulative N 2 O in switchgrass vary widely, with reported values falling both above and below those observed in the present study. Oates et al. (2016) There are few published studies that report N 2 O emissions from sorghum. Storlien et al. (2014) observed annual N 2 O emissions of approximately 7 and 10 kg N 2 O-N ha -1 from sorghum receiving 0 and 280 kg N ha -1 , respectively, when averaged over rotation type and crop residue removal rate. These emissions are much higher than N 2 O emissions measured in our study, which ranged 1.68-5.15 kg N 2 O-N ha -1 . The higher emissions reported by Storlien et al. (2014) may be related to differences in rainfall distribution between studies. Additional studies measuring N 2 O emissions from sorghum are needed.
The emissions from corn and soybean in our study fall within the range reported by other researchers. Hoben et al. (2011) reported annual N 2 O emissions ranging from 1-4 kg N 2 O-N ha -1 from corn receiving 180 kg N ha -1 . Johnson and Barbour Lehman and Osborne (2016) observed mean annual emission of approximately 1.2 and 0.6 kg N 2 O-N ha -1 in soybean of a corn-soybean rotation with and without residue removal. The magnitude of the N 2 O emissions in our study were within the range reported of these studies; however, the N 2 O emissions from soybean reported by Smith et al. (2013) , Parkin and Kaspar (2006) and Lehman and Osborne (2016) , were much less than those of corn compared over the same time period. This is in contrast to 2013 of our study, where the N 2 O emissions from soybean were greater than from all other crops, including corn and sorghum. This was an unexpected result because soybean received around 100 and 160 kg ha -1 less N than did sorghum and corn, respectively.
One possible explanation for large N 2 O emissions from soybean in 2013 could be the presence of residual NO 3 − in the subsoil. Hot, dry conditions during the 2012 growing season resulted in the smallest corn grain yield recorded in all 3 study years and could have resulted in a buildup and carryover of residual NO 3 − in the subsoil into the 2013 soybean rotation. Iqbal et al. (2015) found that soybeans planted a year after N fertilized corn subjected to drought had flux rates 35-70% greater than soybeans following non-fertilized corn subjected to drought. This carryover effect was not observed in years that did not follow a drought.
Both soybean systems had more late-and post-growing season N 2 O emissions than corn and sorghum in 2013, which may be due to increased N availability from plant residue and nodule decomposition. Several studies have noted observed N mineralization after soybean flowering and harvest, which can result in increased N 2 O emissions (Uchida and Akiyama, 2013) . Uchida and Akiyama (2013) found mean post-harvest N 2 O emissions from soybeans were 0.62 kg N 2 O-N ha -1 and a ranged from 0.001-5.01 kg N 2 O-N ha -1 . They also noted that high post-harvest emissions occurred only when conditions were favorable for N 2 O production. The results of our study support the findings of Uchida and Akiyama (2013) . Emissions after 1 September from soybean in 2011 and 2012 were lower than those in 2013 when soil conditions were wetter and favorable for N 2 O production.
Only a few studies have done side-by-side comparisons of the N 2 O emissions of perennial and annual bioenergy cropping systems in the United States. In this study, there were not consistent differences in the annual N 2 O emissions among crops. This is consistent with Johnson and Barbour (2016) , who found no significant difference between annual emissions from fertilized switchgrass and corn-soybean rotation in 2 out of 3 yr. Annual emissions from switchgrass were significantly greater in the third year of the rotation, as was sum of emissions over all 3 yr. Oates et al. (2016) also observed inconsistent trends between N 2 O emissions from perennial and annual bioenergy crops. Emissions from miscanthus were significant lower than corn in a corn-soybeancanola rotation in 3 of 5 site years, and significantly higher in the other 2 site years. Similarly, Oates et al. (2016) found emissions from switchgrass to be less than those in rotated corn in 4 of 6 site years and significantly greater in 2 of 4 site years. The study of Davis et al. (2015) did not include an annual cropping system; however, they noted that the N 2 O emissions from fertilized miscanthus in 2012 fell within the range measured in corn at a nearby study the same year. In contrast, Smith et al. (2013) found emissions from in a corn-corn-soybean rotation to be greater than those of miscanthus and switchgrass. This discrepancy could be due in part to the lower fertilizer rates applied to miscanthus and switchgrass in Smith et al. (2013) . Some studies have observed high yields in miscanthus receiving no N (Heaton et al., 2008) l; however, reviews of miscanthus and switchgrass field trials have found N fertilizer may be required to replenish removed N and maintain stand yields (Miguez et al., 2008; Wullschleger et al., 2010; Arundale et al., 2014) . Wullschleger et al. (2010) found that although high switchgrass yields could sometimes be achieved without fertilization, both upland and lowland ecotypes responded to N fertilizer and appeared to reach optimum yields around 100 kg N ha -1 . Nitrogen rates for these crops need to be carefully chosen to minimize negative environmental effects.
conclusIons A large portion (40-80%) of annual N 2 O emissions were released in the first 10 wk of the growing season. This finding emphasizes the importance of implementing N management strategies to reduce N availability early in the growing season when the potential for high losses is present. In this study, fertilizer timing was the same for all crops in a given growing season. If the timing of N application to each crop had been made when N demands were high, observed N 2 O emissions may have been reduced. Future studies should examine the impact of fertilizer timing on N 2 O emissions in these systems.
No consistent significant differences were observed in annual N 2 O emissions among sorghum, corn, switchgrass, and miscanthus, which may be due to variable N rates and weather between study years; however, in both 2011 and 2013 miscanthus tended to have smaller emissions than the other cellulosic biofuel crops. More measurements of N 2 O emissions are needed in these cropping systems to determine if there are differences in N 2 O emissions among these systems.
